Tungsten has been chosen as the divertor armour material in ITER and is the main candidate material for plasma-facing components for future fusion re- 
Introduction
Plasma-facing materials in a fusion device are exposed to extreme conditions in terms of heat and particle loads as well as to high energy neutron irradiation.
As a consequence of the fact that plasma-facing materials are in direct contact with plasma, a failure of the material can lead to a catastrophic event for the 5 device. Due to its outstanding thermal properties, tungsten (W) was chosen as the divertor armour material for ITER -the next generation tokamak that is currently under construction, and DEMO -future demonstration nuclear fusion power station [1] .
Together with demonstration and testing the technologies for DEMO, one of 10 the main goals of operation of ITER is to demonstrate the control of the fusion plasma with negligible consequences for the environment. From this point of view special attention is drawn to tritium (T), which is a radioactive hydrogen (H) isotope and is a part of the fusion fuel. Consequently, the retention of T in the plasma-facing material is a safety issue, hence a limit of 700 g of T 15 accumulated in the reactor chamber was set for ITER by the safety authorities [2] . Helium (He) is produced in fusion reactions inside the plasma and also in transmutation reactions of W caused by high-energy neutrons being a product of the fusion reaction. Thus, both T and He will be present in the material during the device operation. Therefore it is important to investigate possible 20 synergistic effects between T and He both in terms of T retention and possible detrimental effects on the properties of the plasma facing material.
The effect of H plasma exposure on W has been extensively studied in experi-ments involving deuterium plasma [3] [4] [5] [6] [7] [8] [9] [10] [11] . H concentration can easily exceed the solubility limit in the subsurface area during high flux plasma exposure. This 25 leads to H bubble and void formation occurring at a depth of several micrometers, which exceeds the implantation depth of a few nanometers. Experiments involving He implantation demonstrate the presence of He bubbles and 'fuzz' formation at a length scale comparable to the implantation depth [12] [13] [14] .
However systematic studies are scarce and large scatter in the data is usually 30 attributed to different material preparation procedures, material microstructure and impurity levels in different experiments [8] . Experimental studies involving simultaneous H and He plasma exposure [15, 16] demonstrated suppressed blister formation as compared to pure H plasma exposure. This effect was attributed to a decrease of H permeability through the subsurface region due to 35 He bubble formation. Another remarkable effect was the detection of nanometric He bubbles at a depth significantly larger than the He implantation range [15] , not seen in pure He exposures.
H and He behaviour in W has been also investigated by means of atomistic simulations, a thorough review of recent modelling activities can be found in 40 [17] and [18, 19] . According to ab initio studies both H and He atoms occupy tetrahedral interstitial position in bulk W with a very low migration barrier between the positions [20] [21] [22] [23] . At the same time clustering behaviour of H or He atoms in bulk W is essentially different: H atoms show practically zero interaction while He atoms exhibit strong binding leading to so-called self-trapping He 45 bubble formation mechanism [24] . Ab initio studies [24] [25] [26] showed that there is an attractive interaction between He clusters and H atoms in bulk W. However, comprehensive physical mechanisms leading to synergistic effects during simultaneous H and He plasma exposure at elevated temperature are not clear so far.
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In the present work, the H bubble nucleation in W in the presence of He M (M -number of atoms in the cluster) clusters was assessed by means of Molecular Statics (MS) and Molecular Dynamics (MD) simulations. The impact of the H implantation rate and the size of He M clusters (M) present in the system on H bubble nucleation was investigated. The obtained MS results were compared 55 with ab initio data in order to validate the choice of the interatomic potential.
MD simulations allowed us to detect and investigate the conditions for H bubble nucleation in terms of critical H concentration depending on the content of He in the system. This study gives an insight about mechanisms of H bubble formation during mixed He-H plasma exposure and, together with the data for 60 diffusion and thermal stability of mixed He M -H N clusters reporter earlier [27] , provides the parameters needed for larger length and longer time scale models required for realistic plasma exposure simulations.
Computational details
The Molecular Static calculations were performed using interatomic poten-tials for the W-H-He system developed in the frameworks of two different models: Bond Order Potentials (BOP) by Li et al. [28, 29] and Embedded Atom Method (EAM) developed by Bonny et al. [30] . The BOP potential was fitted with special attention on reproducing defect formation energies and interaction of H and He with the point defects in W. Both EAM potentials were created 70 aiming at the investigation of the interaction of H and He with dislocations in tungsten and are based on the interatomic potential for W-W interaction named "EAM2" developed by Marinica et al. [31] . The base W-W potential was selected after critical review of 19 different EAM potentials with special attention to properties of screw dislocations given in [32] . There are two different versions 75 of the EAM potential, referred to as "EAM1" and "EAM2" in [30] .
For the EAM1 potential, emphasis was put on a quantitative reproduction of ab initio data for the binding between H-H, He-He and He-H pairs in the bulk tungsten. The off-centre position of a H atom in a vacancy as predicted by Density Functional Theory (DFT) [21] was not considered, and therefore both atom is far away from the cluster in equilibrium tetrahedral position and can be written as:
where E H(He)-HeM-Vac is the total energy of the system containing H(He)- The Frenkel pair formation energy E f was studied by means of Molecular Statics calculations and was estimated via calculating the following energy balance:
where E HeM-Vac is the total energy of the box containing the He M cluster in a vacancy, E HeM and E SIA is total energy of the system containing a He M corresponds to an exoergic process, i. e. energy is released during the reaction.
The static relaxation was performed using the conjugate gradient algorithm embedded in LAMMPS simulation package [33] with a stopping criterion on the relative energy change of 10 −10 between minimisation steps. For system containing 2000 atoms it corresponds to the error in total energy of 10 −6 eV,
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however for larger systems the error will be larger. Prior to the static relaxation of the considered atomic configuration a short MD run at 300 K for 1 ps was performed after which the system was quenched to 0 K. This procedure allows the possibility for the system to evolve out of local minima and arrange itself into the most stable configuration.
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The computational cell for MD simulations was a cube 10×10×10 a Two series of simulations were conducted: the first one was directed to study the effect of hydrogen insertion rate (HIR) on the ejection process, i. e. displacement of W atom from its equilibrium site, resulting in the formation of a self-interstital atom and a vacancy pair. In this case no He atoms were present 140 and the a hydrogen atom was inserted in the system with a certain period that was varied from 10 to 90 ps that corresponds to HIR of 50 and 5.6 appm/ps respectively. The calculations were made in two types of simulation boxes: a perfect W box without defects and a W box containing one pre-existing vacancy in order to promote the ejection process. In the second series the effect of the 145 initial number of He atoms in the system on the time it takes to nucleate the first bubble was investigated in the defect-free lattice. The initial number of He atoms varied from zero to six, the HIR was equal to 16.7, 10 or 5.6 appm/ps.
The He atoms were put at random positions in the beginning of the simulations.
Given the size of the simulation box representing the material in a subsurface As in the case of pure H simulations and due to the small number of data points, the box-and-whiskers plot [38] was used to represent the data. For the two cases where the number of data points in the dataset was two, the raw data was plotted (coloured stars) since the box-and-whiskers plot for such datasets is misleading. For better visualisation of the trend of critical H concentration evolution, a red dashed line connecting median values for HIR = 10 appm/ps was added. 
